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High-energy heavy-ion collisions at RHIC-BNL and LHC-CERN provide a unique opportu-
nity to study the properties of the high-temperature and high-density nuclear matter called the
quark—gluon plasma (QGP), which is supposed to exist in the early universe or inside neutron
stars. The PHENIX experiment is one of the major experiments at RHIC to study the proper-
ties of QGP, especially focusing on various particle identification capabilities including photons,
leptons, and hadrons. This article summarizes the soft physics results from the PHENIX experi-
ment, such as (1) global properties like transverse energy and multiplicity measurements as well
as centrality determination, (2) transverse momentum distribution and the nuclear modification
factor, which represents the modification of the spectra in A + A collisions relative to the binary-
collision-scaled superposition of p+p data, (3) space-time properties with Hanbury Brown and
Twiss (HBT) interferometry correlation measurement and source imaging, (4) elliptic collec-
tive expansion and higher-order harmonic event anisotropy, and (5) di-hadron correlation, jet
modification, and medium response known as jet-quenching from the partonic energy loss and
redistribution of the lost energy. These results are reviewed and discussed.
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1. Transverse energy, multiplicity measurement, and centrality

High-energy heavy-ion collisions are characterized by the centrality that is given by the impact
parameter, which is the nearest distance between two colliding nuclei perpendicular to the beam
direction. In order to quantify the centrality, which controls the geometrical shape and volume of
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Fig. 1. Charged particle multiplicity distribution in BBC (left) and correlation between spectator neutron
energy in ZDC and charged particle multiplicity in BBC (right) are shown with centrality definitions [1].
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Fig. 2. Transverse energy and charged particle multiplicity per unit n per participant pair are shown as a
function of the number of participants N, at ,/syy = 200, 130, and 19.6 GeV Au+ Au collisions [1].

the participant region for a given nucleus—nucleus collision, the charged particle multiplicity in the
two forward beam—beam counters (BBC) at || = 3—4 are used to determine the collision centrality
in the PHENIX experiment based on the Glauber simulation including the detector response. The
left panel in Fig. 1 shows an arbitrary normalized charged particle multiplicity distribution in the
BBC detector with a 5% centrality step, where the centrality of 0% corresponds to the most central
interactions. The right panel in Fig. 1 shows the correlation between the neutron energy of a specta-
tor nucleus measured by the zero-degree calorimeter (ZDC) and the charged particle multiplicity in
the participant region, where a clear anti-correlation between the spectator neutron energy and the
participant charged particle multiplicity can be seen in the central to mid-central collisions, while
the spectator neutron energy is reduced for the peripheral collisions due to the reduced efficiency of
the spectator break-up in order for the neutrons to be observed in the ZDC [1].

The transverse energy per unit n per participant pair (d E1/dn)/(0.5Np) is shown as a function of
the number of participants N, in the left panels of Fig. 2 for three different colliding beam energies
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Fig. 3. Transverse mass mrt spectra for 7E, K, p, and p in /syy = 200 GeV Au+ Au collisions [2]. The
lines on each spectra are my exponential functions at 0.2—1.0 GeV/c? for 7+ and 0.1-1.0 GeV/c? for K, p,
and p.

of \/syn = 200, 130, and 19.6 GeV Au + Au collisions. The charged particle multiplicity per unit
n per participant pair (d Nen/dn)/(0.5Np) is shown in the right panels of Fig. 2, where very sim-
ilar centrality dependences for both the transverse energy and the charged particle multiplicity are
observed, indicating that the ratio of transverse energy per charged particle is almost independent [ 1].

2. Transverse momentum spectra and nuclear modification factor

Transverse momentum distributions for 7+, K=, p, and p as a function of mt — mq are shown for
positive particles in the left panels, for negative particles in the right panels, and for three centrality
bins 0-5%, 40-50%, and 60-92% from the top to bottom panels of Fig. 3 in ,/syny = 200 GeV
Au+ Au collisions [2]. The lines on each spectra are mt exponential functions, where the fitted
inverse slope parameter increases with particle mass as well as collision centrality, which indicates a
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Fig. 4. Nuclear modification factor Ry4 of 77 + 7, K* + K™, p +p, 7%, and ¢ as a function of pr in
JSyn = 200 GeV Au+ Au collisions [3].
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Fig. 5. Nuclear modification factor Rga, of 7+ + 7, KT + K=, p+p, 7°, and ¢ as a function of py in
JSvy = 200 GeV d + Au collisions [3].
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strong collective radial expansion, especially in central collisions. This has been very well described
by hydrodynamic models.

The transverse momentum distributions of 7+ +7~, KT + K™, p + p, 7Y, and ¢ in /sny =
200 GeV Au + Au collisions are normalized by the number of binary-collision-scaled superposition
of spectra from p—p collisions at the same beam energy, which is defined as the nuclear modification
factor R4 4, and are plotted as a function of transverse momentum prt for 5 different centrality bins
in Fig. 4 at \/syn = 200GeV Au+ Au collisions [3]. The 77 + 7, 70 are found to be strongly
suppressed above 3 GeV/c, which is commonly attributed to jet suppression from partonic energy
loss in the quark—gluon plasma (QGP), while p 4 p spectra are found to be almost scaled by the
number of binary collisions or rather enhanced in the mid- pt region around 2—4 GeV/c. This can be
understood by hydrodynamic collective radial expansion as well as the quark coalescence model as
the hadronization mechanism with radially expanding QGP.

The nuclear modification factor Rgay of 7+ + 7, Kt + K, p+p, 79, and ¢ is shown as a
function of p for 5 different centrality bins in Fig. 5 at \/syny = 200 GeV d + Au collisions [3]. All
the mesons are more or less binary scaled at higher pt, while p + p are clearly enhanced above the
binary scaling in the mid- p region around 2—4 GeV/c, which is also similar to Fig. 4 for Au+ Au
collisions.

3. HBT correlation and source imaging

Two-particle Hanbury Brown and Twiss (HBT) interferometry measurements are done with w7 and
KK pairs at . /syy = 200 GeV Au + Au collisions. The centrality and transverse momentum depen-

dence of the radius parameters are shown as a function of N 1/3

part and m in left and right panels in

Fig. 6, respectively. The radius parameters for both 7 and KK pairs show a linear trend with NSQ,
which gives the length scale of the source, since Npy¢ corresponds to the initial volume of the source.
The radii from the KK pairs show smaller values compared to 7 ; however, the difference is mainly
explained by mt, where the reduction of radii as a function of transverse momentum of the pair
also indicates the hydrodynamic collective expansion of the system before freeze-out. The ratio of
Rout/ Rsige being about 1 usually means a short duration time (sudden freeze-out) in the case of a
non-expanding static source; however, this is strongly affected by the collective expansion as well as
the opacity of the source [4].

The model-independent source functions of the charged 7 emission region are extracted by the
source-imaging method and shown in the left panels of Fig. 7 at /syn = 200 GeV Au + Au colli-
sions. The corresponding measured correlation functions and imaged correlation functions are shown
in the right panels of Fig. 7. The large difference between S(r,) and S(ry) indicates the long tail of
the source geometry and emission duration, which is also given by the choice of the longitudinal
center-of-mass system of the pair frame (LCMS) [5].

4. Elliptic flow and higher-order harmonic flow

The elliptic flow parameter v, in heavy-ion collisions has been observed to increase with colliding
beam energy from AGS and SPS to RHIC, while the dependence at around ,/syy = 62-200 GeV is
found to be rather weak, as shown in Fig. 8. In order to be less sensitive to the mean pr, the data are
compared at two different pt regions of 0.65 GeV/c (closed symbols) and 1.75 GeV/c (open sym-
bols). Therefore, the average v, could still increase, but v2 (pr) has be found to be almost unchanged
between 62 and 200 GeV/c [6].
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Fig. 6. HBT radius parameters with 77 and KK pairs

A/SNN = 200 GeV Au+

Au collisions [4].

as a function of N}Lﬁ (left) and mr (right) in

The PHENIX experiment has used various different event-plane (E.P.) detectors in the forward
rapidity region in order to measure vy, v4 at mid-rapidity with a large enough rapidity gap between
particle and E.P. and to understand the non-flow effects, where the measured v, and v4 param-

eters are shown for different choices of E.P. detectors in Fig. 9 as a function of Npat and pr
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Fig. 7. Imaged sources (left), where the S(r,) and S(r,) correspond to the “out” and “side” directions and S(r;)
is for the “long” direction, and corresponding measured and imaged correlation functions (right) [5].
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Fig. 11. Higher-order E.P. correlation. A: RXN*, B: BBC~, C: MPC™, and D: MPC~, where + and — are for
the positive and negative rapidity regions, respectively [9].
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Fig. 12. 7%, K*, ¢, (p)p, and (d)d v, in /syy = 200 GeV Au + Au collisions [10].

n /syny =200GeV Au+ Au collisions. The n acceptances for each detector are as follows:
RXNjo (In] = 1.0-2.8), RXN, (|| = 1.0-1.5), RXN; (|| = 1.5-2.8), MPC (|| = 3.1-3.7), and
BBC (|n] = 3.1-3.9). The rapidity gap dependences are clearly visible, especially in peripheral

collisions and in the higher pt region [7].

The different analysis methods to extract v, are tested, where the various measured v, parameters

with the two- and four-particle cumulant methods as well as the participant- (BBC) and spectator-
(ZDC-SMD) event-plane methods are compared in Fig. 10 [8], including the results from the STAR
experiment in order to investigate the non-flow and the flow fluctuation. The results from the four-
particle cumulant method and spectator-event-plane method are found to give about 10-20% smaller
values than the other two methods.
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Fig. 14. 7°, inclusive photon, and direct photon v, [12].

The event-plane correlations between higher harmonic orders are shown in Fig. 11; panels (a)
and (b) show correlations between the same order planes and panels (¢) and (d) show those
between different order planes. The significant W,—W, correlation originates from the strong elliptic
event anisotropy; the correlation with the true reaction plane W{—W, and the correlation between
the second- and fourth-order planes W,—W, are also known to be significant in heavy-ion colli-
sions. A significant even (rapidity-symmetric) contribution from v3 is observed, which is supposed
to originate from the initial geometrical fluctuation of participants, while a small but finite odd
(rapidity-antisymmetric) contribution from v3 is clearly seen [9].

The measured vy of 7%, K+, ¢, (p)p, and (c_l)d are shown as a function of K E1 = mt — mg trans-
verse kinetic energy in the left panel of Fig. 12, and the quark-scaled v, number of these particles
is shown as a function of the quark-scaled transverse kinetic energy number in the right panel of
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Fig. 12. The success of the quark number-scaling of v, leads to the quark coalescence mechanism
for hadron formation from the expanding partonic system, which can be attributed to the existence
of the partonic phase before the hadronic stage [10].

Figures 13 and 14 show vy of an electron from heavy flavor decay, 79, inclusive photon, and
direct photon. The significant suppression and elliptic flow of a heavy flavored electron similar to the
light hadrons indicate a strongly interacting quark and gluon system during the partonic phase [11].
The v, difference between 7 and the inclusive photon has been used to extract the direct photon
v2. The extracted direct photon v; is found to be consistent with zero at high pt, which is expected
from the small interaction of prompt photons inside the QGP, while the v, of a thermal pho-
ton in the lower pt region is observed to be as large as that from a hadron, which indicates the
strong contribution of a later stage during the partonic stage after acquiring a large enough elliptic
expansion [12].
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Figures 15 and 16 show the deviation from the quark number-scaling of v, in the higher pt region
and the similarity of e>-scaled v, between peripheral Au+ Au collisions and d + Au collisions. The
breaking of the quark number-scaling of v; is found to happen at about K E1 ~ 0.7 GeV [13], indicat-
ing a different mechanism such as partonic energy loss with the path-length dependence given by the
elliptic geometry of the QGP. The initial geometrical eccentricity scaling of v, is found to describe the
smooth connection from the centrality dependence observed in Au+ Au collisions down to a small
system such as the d + Au collision, where the mechanism of forming the elliptic expansion can be
surprisingly similar in both d + Au and Au+ Au collisions [14]. This might indicate that a small but
high-temperature and high-pressure system is formed in d + Au collisions just as in A + A collisions.

Figure 17 shows v2{W>}, v3{W3}, and v4{W4} measurements in ,/syny = 200 GeV Au+ Au colli-
sions, which mainly originate from the initial geometrical fluctuation; therefore, this is the dominant
even (rapidity-symmetric) contribution for v3, and v4{W4} is also significantly larger than v4{W>},
especially in central collisions. The simultaneous description of v, and v3 has refined the constraint
for determining the initial conditions and viscosity of the plasma [9].

5. Di-hadron correlation, jet modification, and medium response

Figures 18 and 19 show the di-hadron azimuthal correlation between trigger and associate parti-
cles. The system size (Au+ Au and Cu + Cu collisions) and beam energy (200 GeV and 62.4 GeV)
dependence as well as the centrality dependence are shown in Fig. 18 [15]. The pt dependence and
a comparison with the p+p results are shown in Fig. 19 [16].
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Fig. 20. Energy loss and redistribution in the y%™-hadron correlation [17].

These analyses have been performed by subtracting the flow background shape based on the v, {W5}
and v4{W,} measurements, while the recent studies including higher-order event anisotropy like
v3{Ws3} and vq{W4} indicate that the extracted shapes are largely different from the results shown
here. In particular, the size of the away-side shoulder region has been significantly reduced in recent
analyses. However, the transitions of the extracted correlation shape from peripheral to central col-
lisions as well as from high prt to low pr are still found to be significant, which suggests a strong
interplay between hard and soft processes: the high pr suppression from the partonic energy loss
and the low pt enhancement from the redistribution of the lost energy. This has also been clearly
observed in the y 9" hadron correlation, especially with low pr particle emission at a wide angle
relative to the away-side axis from the y ' trigger, as shown in Fig. 20 [17].

6. Conclusion

Selected results for soft physics from the PHENIX experiment from RHIC-BNL are reviewed and the
implications on the properties of high-temperature and high-density nuclear matter from the extracted
results are discussed. As a result, high-temperature and high-density nuclear matter seems to have
a partonic degree of freedom, to be strongly interacting, and part of a strongly expanding partonic
system such as the quark—gluon plasma. While the hard physics results will be discussed further in
a separate article in this volume, the coupling and interplay of these soft and global properties with
hard probes are getting more and more attention, as discussed in the last chapter, and are yet to be
explored in order to understand the full nature of this plasma.
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